Introduction {#bjs10685-sec-0005}
============

Open abdominal surgery implicitly involves exposure of visceral and parietal peritoneal tissue surfaces to the external atmosphere. The modern surgical environment demands continuous air exchange (approximately 20 room volumes per h) ideally through high‐efficiency particulate air filtration and laminar flow[1](#bjs10685-bib-0001){ref-type="ref"}. This air flow across moist tissue surfaces leads to desiccation[2](#bjs10685-bib-0002){ref-type="ref"} and heat loss[3](#bjs10685-bib-0003){ref-type="ref"}. The visceral and parietal peritoneal surfaces are encased in a thin layer of mesothelial cells that are heavily augmented by a carpet of numerous microvilli[4](#bjs10685-bib-0004){ref-type="ref"}. These surfaces are the first to show signs of desiccation. These effects are particularly evident during laparoscopy that employs insufflation with dry‐cold carbon dioxide[5](#bjs10685-bib-0005){ref-type="ref"}. Another concern is that peritoneal damage may exacerbate the potential of cancer cells to implant, triggering peritoneal carcinomatosis[5](#bjs10685-bib-0005){ref-type="ref"}.

The nature of abdominal surgery is such that tissue damage is inevitable, posing two important concerns. First, is whether the rate of tissue repair at surgical sites and bystander regions is influenced by passive desiccation. Second, is whether the potential of cancer cells to adhere to sites of damage is worse if induced by desiccation and/or surgical trauma, and whether this influences peritoneal carcinomatosis. Peritoneal carcinomatosis is particularly challenging to manage and affected patients have poor outcomes[6](#bjs10685-bib-0006){ref-type="ref"}. A previous study[5](#bjs10685-bib-0005){ref-type="ref"} in a preclinical model found that humidified‐warm carbon dioxide (HWCO~2~) during laparoscopy reduced peritoneal carcinomatosis compared with the use of conventional dry‐cold carbon dioxide.

Here, the delivery of HWCO~2~ under laparotomy conditions was investigated, in the presence and absence of simulated surgical damage, to evaluate the primary objective of induced hypoxia, tissue damage and tissue repair. Others[7](#bjs10685-bib-0007){ref-type="ref"} have reported maintenance of oxygenation of the peritoneum with HWCO~2~ and, in view of these data, the expression of a sentinel marker of hypoxia, hypoxia inducible factor (HIF) 1α, was examined. The secondary objective was to assess changes in the potential of cancer cells to attach to sites of surgical damage.

Methods {#bjs10685-sec-0008}
=======

Female BALB/c mice aged 7--12 weeks, weighing 17--25 g, were used to develop the open surgery procedure, with the approval of the Institutional Animal Ethics Committee and the National Health and Medical Research Council of Australia. Mice were purchased from the ARC (Perth, Western Australia, Australia) and housed in the Peter MacCallum Cancer Centre facility with a 12‐h light--dark cycle, and free access to food and water. Mice were anaesthetized, intubated, ventilated and placed on a warming pad[5](#bjs10685-bib-0005){ref-type="ref"}, and then divided into two groups: open surgery with exposure to ambient air (control) or open surgery with HWCO~2~ diffusion (*Fig*. [1](#bjs10685-fig-0001){ref-type="fig"}).

![Laparotomy set‐up using four retractors, intubation tube, PhysioSuite® monitor and rectal probe: **a** control mouse and **b** mouse with carbon dioxide diffuser (arrow). Humidified‐warm carbon dioxide is delivered via the diffuser throughout the 1‐h procedure](BJS-105-597-g001){#bjs10685-fig-0001}

Monitoring of vital signs {#bjs10685-sec-0009}
-------------------------

Mice were placed on a heating pad with far‐infrared warming, along with temperature monitoring and a homoeothermic control system that was connected to a PhysioSuite® apparatus (Kent Scientific, Torrington, Connecticut, USA), by which body temperature, arterial oxygen, heart rate and perfusion were monitored and recorded. A paw sensor was applied and a rectal probe (lubricated with eye gel) was inserted under anaesthetic. The entire abdomen was swabbed with iodine solution from the xiphoid process to the lower abdomen. The skin was lifted using sterile surgical forceps directly below the xiphoid process, and an inferior incision made using sterile surgical scissors towards the lower abdomen (1.5--2·0 cm depending on the size of the mouse). The peritoneal incision mirrored the inferior skin incision. Magnetic fixators were used to secure the retractor wires, allowing maintenance of an open abdominal wound; these were attached to the skin but not the peritoneal wall, to minimize unintended mechanical damage.

Delivery of carbon dioxide to the open abdomen {#bjs10685-sec-0010}
----------------------------------------------

A miniaturized gas diffuser (Fisher and Paykel Healthcare, Auckland, New Zealand) was used to reduce flow velocity and effectively fill the abdominal cavity with humidified carbon dioxide. It was positioned in the cavity without touching any organs using a retort stand directly over the open wound to deliver HWCO~2~ for 1 h. Throughout HWCO~2~ delivery (30--60 ml/min) there was a parallel decrease in isofluorane level delivered by an intubation tube, from 5 to 4 per cent and decreasing in 0·5‐per cent increments every 5 min to reach 2·5 per cent within 30 min.

Replicating surgical trauma {#bjs10685-sec-0011}
---------------------------

During the open abdominal procedure, tissue trauma was simulated by a single investigator using sterile plastic serrated forceps on one side of the peritoneum. The gas diffuser was removed and sterile plastic forceps used to rub the peritoneum gently with five strokes to the wall at the 30‐min time point. The gas diffuser was then returned to the open cavity. At the conclusion of the laparotomy, the gas diffuser was removed along with retractors and magnetic fixators. The endotracheal tube was then removed and a head cone applied immediately to continue the delivery of isofluorane/oxygen. The peritoneum was closed using surgical sutures, and the skin by surgical clips.

Tumour cells and retroviral transduction {#bjs10685-sec-0012}
----------------------------------------

Murine stem cell virus (MSCV)‐mCherry‐CT26[8](#bjs10685-bib-0008){ref-type="ref"} cells were generated by stable retroviral transduction with an MSCV‐mCherry vector derived by replacing the green fluorescent protein (GFP) coding region of MSCV‐IRES‐GFP (Addgene, Cambridge, Massachusetts, USA) with the mCherry coding sequence (Clontech, Mountain View, California, USA). At the end of the procedure, 1000 CT26 cells were delivered into the abdomen in 100 μl phosphate buffered saline, after which the peritoneum and skin were closed.

Tissue analysis {#bjs10685-sec-0013}
---------------

Tissue harvesting and processing, and immunohistochemical (IHC) methods have been described previously[5](#bjs10685-bib-0005){ref-type="ref"}. In brief, sections were stained for expression of cyclo‐oxygenase (COX) 2 (1 : 1000, sc‐1745; Santa Cruz Biotechnology, Dallas, Texas, USA), vascular endothelial growth factor (VEGF) A (1 : 100, DP3520S; Acris, Rockville, Maryland, USA) and HIF‐1α (1 : 400, 0100‐479; Novus Biologicals, Littleton, Colorado, USA), with visualization using horseradish peroxidase secondary antibodies. Tissue specimens were examined using a bench‐top scanning electron microscope (JCM‐6000; Jeol, Peabody, Massachusetts, USA) and operated at 15 kV under high vacuum.

Fluorescence image analysis {#bjs10685-sec-0014}
---------------------------

Tumours on the peritoneum were analysed for CherryRed fluorescence using a Maestro™ 2 imaging apparatus (Cambridge Research & Instrumentation, Woburn, Massachusetts, USA) with a wavelength of 150 nm. The average signal in pixels per tumour area was quantified using the Maestro software package.

Semiquantitative analyses {#bjs10685-sec-0015}
-------------------------

Mice were killed at 24 h and 10 days. IHC assessment for antigens involved inspection of images generated by Aperio® (Leica Microsystems, Melbourne, Victoria, Australia) and scoring using a histological score (H‐score); the latter was calculated as the product of staining intensity (0, none; 1, weak; 2, moderate; 3, strong) and extent (0, 0--5 per cent; 1, 6--25 per cent; 2, 26--50 per cent; 3, 51--75 per cent; 4, 76 per cent or more). Scanning electron microscopy was used to evaluate changes in morphology; alterations were quantified using a customary scale adapted from the H‐score method and represented as a percentage[5](#bjs10685-bib-0005){ref-type="ref"}.

Statistical analysis {#bjs10685-sec-0016}
--------------------

All data are expressed as mean(s.d.). Data were analysed using one‐ or two‐way ANOVA with Tukey\'s multiple comparisons test, or two‐tailed unpaired *t* test. *P* \< 0·050 was considered statistically significant. GraphPad Prism® version 6 (GraphPad, La Jolla, California, USA) was used for statistical evaluation.

Results {#bjs10685-sec-0017}
=======

Core body temperature was regulated only in the HWCO~2~ group (*P* \< 0·001), despite the use of a warming pad in all animals (*Fig*. [2](#bjs10685-fig-0002){ref-type="fig"}). Anaesthesia lowered heart rate comparably in both groups, from the reported normal range of 630 beats/min^9^ to a mean(s.d.) of 409(39) and 404(33) beats/min in the control (no carbon dioxide) and HWCO~2~ groups respectively. Percentage perfusion at the paw was significantly higher in the HWCO~2~ group (0·054(0·012) *versus* 0·042(0·008) per cent; *P =* 0·002) (*Fig*. [3](#bjs10685-fig-0003){ref-type="fig"}).

![Core temperature monitoring over time in control (no carbon dioxide) and humidified‐warm carbon dioxide (HWCO~2~) groups (18 in each group). Normal body temperature range for mice shown by dotted lines. Values are mean(s.d.). P \< 0·001 for mean temperature of both cohorts (2‐way ANOVA)](BJS-105-597-g002){#bjs10685-fig-0002}

![Percentage perfusion at the mouse paw in control (no carbon dioxide) and humidified‐warm carbon dioxide (HWCO~2~) groups (18 in each group). Values are plotted for each animal and mean(s.d.) values are also shown. P = 0·002 (2‐way t test)](BJS-105-597-g003){#bjs10685-fig-0003}

During the procedure, physical trauma was delivered to one side of the exposed peritoneal wall. Tissue was collected and processed for IHC analysis and scanning electron microscopy 24 h and 10 days after laparotomy. The integrity of mesothelial cells was evaluated in terms of microvilli persistence and length, along with cell bulging or delamination (*Fig*. [4](#bjs10685-fig-0004){ref-type="fig"} *a*). Scanning electron microscopy identified more extensive microvilli damage and cellular bulging at 24 h after surgery in the control group (*Fig*. [4](#bjs10685-fig-0004){ref-type="fig"} *b,c*). Quantitative analysis of the extent of cellular retraction and/or bulging and microvillus damage or loss revealed that HWCO~2~ afforded significant protection (*P* = 0·009 and *P* = 0·035 respectively) (*Fig*. [4](#bjs10685-fig-0004){ref-type="fig"} *d*,*e*).

![**a** Illustration depicting a normal peritoneal cell with cellular junctions (orange and blue) along with normal microvilli (black arrow). Damaged microvilli (blue arrow) and delaminating/bulging mesothelial cells (red arrow) are also illustrated, and exposure of the basement membrane (BM). **b** Representative scanning electron microscopic (SEM) images of peritoneal surface at 24 h after laparotomy in control (no carbon dioxide) and humidified‐warm carbon dioxide (HWCO~2~) groups (scale bar 20 μm). **c** Higher‐power SEM images in both groups; cell bulging was apparent in the control group (scale bar 10 μm). **d**,**e** Quantification of retracted and/or bulged mesothelial cells (**d**) and structural defects in microvilli (**e**). Values are mean(s.d.) extent of damage (9 per group). \*P \< 0·050 (2‐way t test)](BJS-105-597-g004){#bjs10685-fig-0004}

Tissue damage following simulated surgical trauma {#bjs10685-sec-0018}
-------------------------------------------------

Examining the peritoneal tissue trauma indicated that the extent of cellular retraction and/or bulging and microvillus damage or loss was significantly reduced in the HWCO~2~ group (*P* \< 0·001 and *P* = 0·011 respectively), suggesting that this intervention was protective at 24 h (*Fig*. [5](#bjs10685-fig-0005){ref-type="fig"}).

![Effect of humidified--warm carbon dioxide (HWCO~2~) on simulated surgery damage at 24 h after laparotomy. **a** Scanning electron microscopic (SEM) images from both groups; mesothelial bulging and delamination was reduced by the use of HWCO~2~ (scale bar 20 μm). **b** Higher‐magnification SEM images of peritoneal surface in both groups (scale bar 10 μm). **c**,**d** Quantification of retracted and/or bulged mesothelial cells (**c**) and structural defects in microvilli (**d**). Values are mean(s.d.) (9 per group). \*P \< 0·050 (2‐way t test)](BJS-105-597-g005){#bjs10685-fig-0005}

Peritoneal hypoxia {#bjs10685-sec-0019}
------------------

HIF‐1α nuclear staining was reduced significantly by the use of HWCO~2~ in undamaged as well as damaged peritoneal sites (*Fig* [6](#bjs10685-fig-0006){ref-type="fig"} *a*,*d*). An additional inflammatory marker, COX‐2, was also examined, but no differences were observed between groups or treatments (*Fig*. [6](#bjs10685-fig-0006){ref-type="fig"} *b*,*e*). In contrast, in the group of mice not subjected to tissue damage, HWCO~2~ appeared to reduce the level of VEGF‐A expression (*Fig*. [6](#bjs10685-fig-0006){ref-type="fig"} *f*).

![Effect of humidified‐warm carbon dioxide (HWCO~2~) on markers of hypoxia at 24 h after laparotomy. **a--c** Matched immunohistochemical (IHC) images showing expression of nuclear hypoxia inducible factor (HIF) 1α (**a**) and cyclo‐oxygenase (COX) 2 expression (**b**) in the peritoneum, and vascular endothelial growth factor (VEGF) A staining of damaged peritoneum (**c**) in control (no carbon dioxide) and HWCO~2~ groups (scale bar 50 μm). **d--f** Histological scores (H‐scores) for IHC staining of HIF‐1α, (**d**) COX‐2 (**e**) and VEGF‐A (**f**). Dotted lines indicate basal expression of each marker in mice subjected to anaesthesia but no surgery. Values are mean(s.d.) (9 per group). \*P \< 0·050 (2‐way t test)](BJS-105-597-g006){#bjs10685-fig-0006}

Longer‐term effect of humidified‐warm carbon dioxide {#bjs10685-sec-0020}
----------------------------------------------------

To evaluate the longer‐term effects of HWCO~2~ on the peritoneum, mice were killed 10 days after laparotomy. The tissue damage evident on the day after operation in all mice not subjected to simulated surgical damage was fully repaired by day 10 (*Fig*. [7](#bjs10685-fig-0007){ref-type="fig"}). In contrast, surgical damage remained measurable on day 10. As was the case at 24 h after laparotomy, the use of HWCO~2~ was associated with less damage 10 days after simulation of surgical trauma (*P* = 0·001 for cellular retraction and/or bulging, *P* = 0·032 for absent/short microvilli).

![Sustained tissue changes assessed at 10 days after laparotomy in control (no carbon dioxide) and humidified‐warm carbon dioxide (HWCO~2~) groups in the absence or presence of damage caused by simulated surgery: **a** retracted and/or bulged mesothelial cells and **b** structural defects in microvilli. Values are mean(s.d.) (9 per group). \*P \< 0·050 (2‐way t test)](BJS-105-597-g007){#bjs10685-fig-0007}

Simulated surgery damage and metastatic tumour formation {#bjs10685-sec-0021}
--------------------------------------------------------

To evaluate the influence of HWCO~2~ on the potential of colorectal cancer cells to establish tumours, 1000 CT26 colorectal cancer cells were delivered into the peritoneum immediately before wound closure. In the presence of simulated surgery damage, both groups of mice had a substantial tumour burden by day 10, with no significant differences (*Fig*. *S1*, supporting information). No tumours were evident on the undamaged peritoneal walls following laparotomy, in contrast to previous findings with dry‐cold carbon dioxide insufflation employed for laparoscopy[5](#bjs10685-bib-0005){ref-type="ref"}.

Discussion {#bjs10685-sec-0022}
==========

Hydrated peritoneal surfaces serve as sites of fluid, nutrient and gas exchange. Indeed, these properties underpin the effect of peritoneal dialysis[10](#bjs10685-bib-0010){ref-type="ref"}. Similarly, when visceral tissue is exposed to ambient atmosphere, as during laparotomy, moisture loss is readily evident as diminished reflection of light, including changes in colour and tissue stickiness. At the cellular level, the parietal peritoneum mesothelial cells are stressed, whereby their microvilli are damaged or lost. Eventually the cells begin to delaminate, exposing the extracellular basement membrane (ECM), with which normal mesothelial cells are in intimate contact[11](#bjs10685-bib-0011){ref-type="ref"}, [12](#bjs10685-bib-0012){ref-type="ref"}. In the context of laparoscopy, this cellular damage is exacerbated by exposure to dry‐cold carbon dioxide‐mediated insufflation. Use of HWCO~2~ for insufflation affords protection from such desiccation[2](#bjs10685-bib-0002){ref-type="ref"}, [5](#bjs10685-bib-0005){ref-type="ref"}, [13](#bjs10685-bib-0013){ref-type="ref"}, [14](#bjs10685-bib-0014){ref-type="ref"}. By adapting this concept to the delivery of HWCO~2~ into an open abdominal cavity, significant protection from the effects of passive desiccation could be achieved.

It is recognized that damaged peritoneum can serve as an ideal site for cancer cell attachment and tumour formation[5](#bjs10685-bib-0005){ref-type="ref"}, [15](#bjs10685-bib-0015){ref-type="ref"}, [16](#bjs10685-bib-0016){ref-type="ref"}, [17](#bjs10685-bib-0017){ref-type="ref"}, [18](#bjs10685-bib-0018){ref-type="ref"}, [19](#bjs10685-bib-0019){ref-type="ref"}. The mechanism(s) that drive this propensity for tumorigenesis include exposure of the ECM, and the induction of inflammatory processes demonstrable by the expression of COX‐2 and VEGF‐A[5](#bjs10685-bib-0005){ref-type="ref"}. The loss of mesothelial cell integrity additionally affects oxygen tension during laparotomy[7](#bjs10685-bib-0007){ref-type="ref"}, and the robust marker of hypoxia, HIF‐1α, was induced during laparotomy in the present study. HIF‐1α was evident 1 day after open surgery, indicating a persistence of the signals that induce the expression of, and/or lead to, HIF‐1α protein stabilization[20](#bjs10685-bib-0020){ref-type="ref"}. More generally, the extent of damage and induction of inflammation measured here would appear to be less for a 1‐h laparotomy procedure than for the same duration of laparoscopy involving dry‐cold carbon dioxide‐mediated insufflation reported previously[5](#bjs10685-bib-0005){ref-type="ref"}. The use of HWCO~2~ in both surgical contexts consistently led to reduced tissue damage and inflammation.

HIF‐1α is strongly associated with tumorigenic events; it acts to facilitate the transcription of a range of genes that encode proteins responsible for increased tumour chemoresistance, inflammation, immunosuppression and escape from apoptosis[20](#bjs10685-bib-0020){ref-type="ref"}. The simple intervention of delivering HWCO~2~ ameliorated the induction of hypoxia and inflammation and, more compellingly, the persistence of simulated surgical damage was reduced at the peritoneum. Perhaps this was because the physical tissue damage was not exacerbated by further tissue desiccation. These differences are of particular interest considering that mice typically have very robust wound repair capacity. Nevertheless, the benefits of reducing desiccation were measurable to at least 10 days after laparotomy and could explain how this intervention appears to reduce tissue adhesions, which are influenced by the presence of persistent tissue damage[21](#bjs10685-bib-0021){ref-type="ref"}, [22](#bjs10685-bib-0022){ref-type="ref"}, [23](#bjs10685-bib-0023){ref-type="ref"}, [24](#bjs10685-bib-0024){ref-type="ref"}.

Others[25](#bjs10685-bib-0025){ref-type="ref"} have examined the role of HIF‐1α expression by tumour cells on peritoneal metastasis, whereas here the focus was on the expression of HIF‐1α in the peritoneum. Exposure of the ECM by delaminating mesothelial cells was associated with increased HIF‐1α expression, and it is to the ECM that the colorectal cancer cells adhere. Based on gene expression profiling, the mouse CT26 colorectal cancer cell line represents the mesenchymal subtype[26](#bjs10685-bib-0026){ref-type="ref"} that corresponds to 23 per cent of human colorectal cancer cells, with its predominant transforming growth factor β activation gene expression signature, stromal invasion, and propensity to drive angiogenesis[27](#bjs10685-bib-0027){ref-type="ref"}.

The present study suggests that HWCO~2~ is insufficient to block tumour formation where cancer cells have immediate access to this damage. However, where the cancer cell burden is minimal, the interval of time during which tissue repair might be achieved may be important.

This study was carried out in mice and thus has obvious limitations when considering translation into patients. For instance, passive air flow alone was employed in the control group, which is likely to generate less desiccation than that associated with active laminar flow systems in use in modern operating theatres. The duration of surgery was only 1 h, whereas most laparotomy procedures are longer. Others[28](#bjs10685-bib-0028){ref-type="ref"} have explored the role of HWCO~2~ in the context of colorectal cancer surgery and have not found a compelling case for its use in terms of cancer outcomes, but the numbers were small and the types of surgical procedure varied. These caveats aside, the peritoneum of the mouse is very similar to that in humans, and all show the same propensity to manifest tissue damage associated with inevitable desiccation during surgery. The events that can be measured in the tissue by IHC analysis and scanning electron microscopy are consistent across these species. Given these findings, the potential benefits of reducing peritoneal tissue damage while increasing the rate of tissue repair by employing the simple procedure of HWCO~2~ delivery in both closed and open surgery should be considered.

Supporting information
======================

###### 

**Fig. S1** Evaluation of tumour formation at 10 days after abdominal delivery of CT26 cancer cells, in mice subjected to humidified‐warm carbon dioxide and controls. **a (i)** peritoneal tumour formation indicated by the white arrow at the wound bound by sutures and surgical clips at the surgical incision site at 10 days post‐delivery of 1000 CT26 cells into the peritoneum, **(ii)** cartoon showing location of central incision and introduced damage site distal to the incision, **(iii)** detection of CherryRed fluorescence at the incision site and **(iv)** the surgical damage site, **b** tumour burden quantified by CherryRed fluorescence in both cohorts of mice and yellow arrow at the site of surgical damage (two way t‐test; means +/‐ SD)

###### 

Click here for additional data file.
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